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We have viewed cooking meat from the perspective of soft condensed physics and
posed that the moisture transport during cooking can be described by Flory-Rehner
theory of swelling/shrinking polymer gels. This theory contains the essential physics to
describe the transport of liquid moisture due to the denaturation and shrinkage of the
heated protein matrix. The validity of our hypothesis is shown by a numerical model,
which comprises a linearization of the Flory-Rehner theory augmented with Darcy’s
law for porous media flow, applied to the simulation of cooking experiments performed
on a rectangular piece of beef. Reasonably, comparable results are obtained from sim-
ulations and experiments. Further analysis of simulations resolves yet another unex-
plained phenomena observed during heating of meat. Literature review suggests that
Flory-Rehner is applicable to cooking of other gel-like foods. © 2007 American Institute
of Chemical Engineers AICKE J, 53: 2986-2995, 2007
Keywords: food, porous media, mass transfer, thermodynamics/classical

Introduction

The physics behind the moisture transport during cooking
of meat are yet poorly understood. In literature, there exist
several models approaching this problem,l_7 which are based
on Fickian diffusion of moisture. This type of model is very
common place in the field of food engineering, despite the
fact that it cannot be justified from physical considerations.®”
Especially, it fails to capture the pressure-driven flows that
definitely occur during the cooking of meat.'%?

In this study, we have viewed the cooking of muscle meat
from the perspective of the physics of soft condensed mat-
ter,”>'* and we pose that the pressure-driven moisture transport
can well be explained from the Flory-Rehner theory of swel-
ling or shrinking polymer gels. We have formulated our hy-
pothesis as a numerical model. It has the complexity of models
more commonly used in chemical engineering, which is rarely
found in the field of food science—with notable exception of
models by Datta and coworkers.>!>10 Therefore, we view it
important to communicate our model to the field of chemical
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engineering. Furthermore, we like to make researchers in this
field aware of the fascinating physics of food matter.

Because meat is probably an unusual matter for the read-
ers, we first review some earlier descriptive works from the
field of food science on moisture transport in cooking meat.
Subsequently, we look at the moisture transport during cook-
ing from the viewpoint of soft condensed matter and the
Flory-Rehner theory in particular.

To further illustrate the physics during cooking, a numeri-
cal model is build, thereby using a linearization of Flory-
Rehner theory. The model is used to predict the moisture
transport during cooking of a rectangular piece of beef, for
which the valuable data are available in literature.

After having validated that Flory-Rehner model applies,
we have investigated moisture transport in more detail and
resolved yet another unexplained phenomena reported in lit-
erature of meat cooking.

Theory
Moisture transport in cooking meat

An early qualitative model for liquid moisture transport in
cooking meat, with a surprisingly good description of under-
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lying physics, has been formulated by Godsalve et al.'! Their
model says that during cooking, the muscle proteins dena-
ture, leading to a decrease in their water holding capacity
(WHC) and shrinkage of the protein network. This shrinking
network exerts a mechanical force on the excess water. If
pressure gradients are present, the excess water is expelled to
the surface of the meat. The expelled water is commonly
known as cooking losses. Today, the hypothesis of Godsalve
et al. is still accepted as a valid (qualitative) description of
moisture transport during the cooking of meat.'*!”

Until now, a physical sound, quantitative model has been
lacking. As mentioned earlier, all earlier numerical models
on moisture transport have been formulated using the mois-
ture diffusion model, which lumps all different moisture
transport phenomena such as capillary transport and gas pres-
sure-driven flow, into moisture diffusion.® The moisture dif-
fusion model forbids transport against moisture content gra-
dients, but this has been observed during meat cooking via
NIR measurements of local moisture content in the center of
the meat during heating.'”'® Recently, it has been recognized
that this moisture rise in the center of meat is a real physical
effect and is due to pressure-driven flows.'? It is ruled out
that the moisture transport in cooking meat is a Fickian dif-
fusion process.'®'? A more complex, Luikov type of model'
takes into account the coupling between temperature and
moisture transport via quasi-Soret/Dufour effects. Despite
that it can be shown that the Luikov model is mathematically
equivalent with our model presented below, the model is
phenomological in nature and does not provide any physical
insight.8

Hence, for finding a physically based quantitative model
for the moisture transport, we need to search outside the field
of meat science. We have conjectured that the processes
described by Godsalve et al.'' are quite reminiscent to pro-
cesses occurring during syneresis of cheese curd”*?* and
polymer gels.23_25

Early models of curd syneresis follow the Biot’s
model of fluid transport in poroelastic materials. A recent
model** follows more developed poroelastic models. In this
type of model, pressure-driven flow is described by Darcy’s
law, commonly used in regular porous media research. In
poroelastic media, the pressure on the fluid is partly due the
deformation of the elastic solid matrix. In cheese ripening,
the solid matrix contracts due to the action of pH and
enzymes. Since the poroelastic theory does not provide a
constitutive equation for the pressure, a phenomenological
equation is formulated for cheese.*”

Polymer gel syneresis and moreover the reverse process,
swelling, have been widely investigated.”>>® Modeling
approaches of swelling have been reviewed recently.” In
these models, the swelling equilibrium is described via the
thermodynamic theory of Flory-Rehner. The Flory-Rehner
theory is expressed in terms of the Gibbs free energy. For-
mulation of thermodynamics of soft matter, which includes
polymers, in terms of free energy has become a powerful
instrument in soft matter physics, and we view it likewise for
foods, being a quite complex soft matter.'*'* We have suc-
cessfully applied free energy approaches to the surfactant-sta-
bilized emulsions.”"

Flory-Rehner theory extends the Flory-Huggins free energy
functional for polymer-solvent mixtures with an elastic term,

20,21
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which account for the crosslinks existing between the poly-
mers in the gel. From the free energy, a (swelling) pressure
can be derived, which can be inserted in the momentum
transport equation, e.g., Darcy’s law.>

Reinvestigation of quite early polymer and biophysics lit-
erature has shown that Flory-Rehner or related theories have
been proposed for (muscle) proteins gelszg’30 and even for
muscle.’'? These findings have us made the hypothesis that
Flory-Rehner theory also holds for cooking meat. Details of
the Flory-Rehner theory and how it applies to cooking meat
are discussed in the next section.

Flory-Rehner theory

The Flory-Rehner theory is a statistical thermodynamic
model, describing the free energy of elastic polymer gels,
and has been extended to polyelectrolyte gels.23 It has been
considered to hold for muscle fibers,>'*?> which can be
viewed as a regular network of polyelectrolytes in an ionic
solution.** For polyelectrolyte gels, the free energy has three
contributions:

F = Fnix + Fe1 + Fes (D

where F,;x the free energy of mixing the polymer with sol-
vent (i.e., water), F the free energy of elastic deformation
of the gel, and F, is the electrostatic contribution.

From the free energy functional Eq. 1, thermodynamic
potentials can be derived like pressure, electrostatic, and
chemical potential. If gradients in these potentials exist, there
will be transport of ions, solvent, or polymer (in which case
one speaks of deformation), until the equilibrium is restored.

The pressure derived from the Flory-Rehner free energy
functional is the driving force for moisture transport in mus-
cle meat. As is customary in polymer physics, we name this
pressure the swelling pressure mg,. The swelling pressure has
three contributions:

Tsw = Tmix — el T Tles (2)

With the mixing or osmotic pressure T,;; derived from F iy,
the elastic or network pressure 7. derived from Fy, and 7
the electrostatic contribution. In equilibrium, the swelling
pressure is zero g, = 0.

In the original Flory-Rehner theory, the contributions to
the swelling pressure read:

OFmix RT
Tix = + 50 :V—W[1n<1—¢)+¢+x¢2] 3)
and
_78Fel_ &l _1/3 ,2/3
o= =G = RTEE [ 16— 90} @

where ¢ is the volume fraction of the polymer, T is the abso-
lute temperature, R the gas constant, y is the Flory-Huggins
interaction parameter, Vy, is the molar volume of the solvent,
pp the density of the polymer, M. the average molar weight
of polymer segments in between crosslinks, and ¢ the poly-
mer fraction at crosslinking.
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Figure 1. Sample plots of swelling pressure =, versus
protein volume fraction ¢ for (a) y = 0.56,
0.68, and 0.80 (left to right).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

The electrostatic contribution in the swelling pressure e
also scales with ¢, and in case of uniform charge distribu-
tion its action can be absorbed in the interaction term of the
osmotic pressure that is linear in z.** This approach can also
be used for cooking meat.

Some values of parameters in the free energy functional
can be found in literature. For skinned muscle fibers®> y ~
0.5 and for elastin®' (a muscle-borne protein) M. =6 kg/
mol. The density for proteins is about p, = 1300 kg/m®. We
have taken the volume fraction of proteins in raw meat ¢y ~
0.17. The value of the Flory-Huggins interaction parameter y
is quite similar to other proteins®’ and polysaccharides like
starch.®*

Upon heating above 40°C meat proteins denature and
uncoil, exposing more hydrophobic parts to the solvent,*
leading to the expulsion of the solvent (water) from the pro-
tein matrix. In the framework of Flory-Rehner theory, this
can be viewed as a change of the Flory-Huggins interaction
parameter y with temperature. For the muscle-borne protein
elastin, the shrinkage behavior with temperature can totally
be explained by the variation of y with temperature.3 ' For
elastin, the value of y doubles approximately, if it is heated
from room temperature to 70°C. Above that temperature, y
levels off and stays constant, as protein denaturation has
ended. Between room temperature and 70°C, it changes more
or less linear.

The muscle protein matrix is a complex of many different
proteins, with special proteins crosslinking the myofibers,
such as titin and elastin.*>~® Hence, during heating of meat
also crosslinks can unfold. Unfolding of crosslinks have a
twofold effect on swelling behavior: (1) via exposure of
hydrophobic parts of the crosslinking proteins the interaction
parameter y changes, and (2) via unfolding the number of
crosslinks (v.) decreases.’” How the number of crosslinks in
muscle meat changes with temperature is not known.

Let us observe the effect of temperature on swelling pres-
sure, assuming a change in the y parameter only. We take
the above-estimated parameter values, but we estimate y
from WHC measurements, as displayed in Figure 2. Below
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40°C ¢ ~ 0.2, and above 80°C ¢ =~ 0.5. Corresponding with
these values 0.56 < y < 0.80. Raw meat has partly dena-
tured via the postmortem process, and hence we can expect y
to be slightly above the value of live muscle tissue y ~ 0.5.
At higher temperature, y is of comparable order as of elastin
(x = 1.1).

In Figure 1, we have plotted the swelling pressure (the dif-
ference of osmotic and elastic pressure) as function of the
polymer density for different values of y. The intersection of
the curves with g, = 0 at ¢ = ¢, indicates equilibrium
between osmotic and network pressure. Using different val-
ues for M. does not change much the equilibrium points ¢..

Hence, heating changes the Flory interaction parameter j,
and equilibrium shifts toward higher polymer volume frac-
tions (or lower moisture content). This shift of equilibrium
clearly occurs in meat. In meat science, it is said that at cer-
tain temperatures, meat can hold only a certain amount of
water, which is termed the WHC.?® In Figure 2, WHC of
meat is shown, which is expressed in the mass fraction of
water.

Near the equilibrium point, we observe that the swelling
pressure is linear with the polymer volume fraction, which
also follows from a Landau expansion of the free energy
functional around the equilibrium point ¢.. In our model, we
will use this linearization as a constitutive equation for the
swelling pressure: 7gy ~ (¢ — o).

For meat, it is more natural to speak in terms of moisture
content, instead of volume fraction of the protein. The mois-
ture content at equilibrium (when 7wy, = 0) is denoted as
neg(T) and will be referred as the WHC in the following.
From the linearization around equilibrium thus follows that
the swelling pressure is linear with the difference between
actual moisture content »n (in kg/m3) and WHC:

Tow = E[n — neq(T)] ®)

Following poroelastic theory, the swelling pressure will be
used as the driving potential in Darcy’s law.

In earlier studies,m39 it is argued that the difference n —
neq(T) is an important quantity in moisture transport of meat
and rice. However, Pan and Singh6 have used it as a sink
term in the mass balance instead of using it as a potential in
Darcys law. Dagerskog' has assumed that the moisture con-
tent relaxes very fast to the WHC (corresponding with the
local temperature). Below we show that this hypothesis is
not true.

An objection toward the above model, may be that it is too
simplifying, because meat is composed of many different kinds
of proteins, which denature at different temperature.”> How-
ever, we take the soft condensed matter perspectiveB’14 that
the swelling behavior of proteins is quite independent of the
details of events happening at the microstructural level, as is
also hypothesized for muscle fibers by Gosline.*' The effects
of different denaturing behavior of different proteins are all
absorbed in the WHC, which can easily be determined via
experiments.

Other studies on swelling of foods*>*' have also taken the
swelling pressure as the driving potential in a generalized
Darcy’s law. However, their mathematics is very much
involved, and thus difficult to apply to engineering applica-
tions such as meat cooking. Furthermore, in their models, no
constitutive equation for the swelling pressure is given.
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Figure 2. Water holding capacity of beef, expressed as mass fraction of water, as a function of temperature and

time.

Experimental data (symbols) are obtained from Bengtson.*® Solid lines are drawn to guide the eye. At the right the final WHC as function

of temperature is given, with the fitted sigmoid function.

We gather that the soft matter perspective can be taken
further to cooking of other foods. Watanabe and coworkers®
have studied the cooking of rice and used the “water
demand” n — n.q(T) as a potential in Ficks law describing
moisture migration in the cooking rice. During boiling, the
rice temperature stays constant, and in the isothermal case,
their model is equivalent with our model, though they have
not made a link to the Flory-Rehner theory. The molecular
process responsible for change in n.4(T) in cooking rice is
starch gelatinization, which is definitely different from pro-
tein denaturation—again showing that the details of molecu-
lar processes can be absorbed in the WHC.

Jarvis and coworkers*? argue that Flory-Rehner theory
applies to cooking potatoes, in which starch granules gelati-
nize inside the potato cells. Here, the cell walls (rich in pec-
tin and cellulose) provide the network pressure restraining
the increased osmotic pressure due to gelatinization. They
have reported swelling pressures of order 0.1 MPa, which is
of comparable order as the swelling pressures in cooking
meat.

By reflecting that many foods resemble gels, Mizrahi and
coworkers**?> have posed that the sorption in foods at high
water activities can be explained by Flory-Rehner theory.
They have also stated that Flory-Rehner theory might explain
the changes in WHC of foods. The presence of low molecu-
lar weight solutes in the food makes the treatment more com-
plex. The direct effect is that the solutes contribute to the os-
motic pressure, but they also have indirect effects such as
salting-in/salting-out effects, and they can act as cosolutes,
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and their interaction with polymers gives extra contributions
in the osmotic pressure.43

Model description

To test our hypothesis for liquid moisture transport in
cooking meat, we have build a numerical model, describing
all relevant heat and moisture flows during cooking of meat
at temperatures below boiling point. Above boiling point, in-
ternal evaporation occurs, which leads to the formation of a
crispy crust. Internal evaporation due to intensive heating
like microwave heating leads also to pressure-driven
flows,®!>** but this is due to the nucleation and growing gas
or vapor bubbles—whose physics is quite different than the
pressure-driven flow due to the protein denaturation. Taking
this process into account will increase the complexity of the
problem, making it more difficult to validate our hypothesis.
This has made us to restrict ourselves to the regime wherein
the product temperatures stays below or at wetbulb tempera-
ture (which is at maximum at the boiling point of water)—
where evaporation only occurs at the surface.

Above all, in fresh meat, the volume fraction of air is very
low (about 1%),*** and hence at temperatures below boiling
point the volume increase of the gas phase due to thermal
expansion cannot explain the huge expulsion of liquid during
cooking of the meat.** Furthermore, as we assume that the
gas phase is absent, the model does not contain liquid mois-
ture transport due to capillary pressure gradients.**

DOI 10.1002/aic 2989



Next to the above points, we have taken a few further sim-
plifying assumptions:

e Shrinkage of the meat has a negligible effect on heat
and moisture flow;

e Meat is assumed not to deform;

e Evaporation occurs only at the surface of the meat;

e Liquid moisture (meat juice) consists of pure water;

e Permeability of the meat is constant, but is anisotropic;
and

e Parameter F is independent of temperature.

All assumptions are taken to reduce the complexity of the
problem and may not be valid in reality. During cooking,
mechanical deformation of the meat can be substantial, and
the underlying physics are not that simple, as meat contracts
in direction of the fibers, but expands in one of the directions
perpendicular to the meat fibers.

In raw meat juice, soluble myoglobin proteins are present
and modify the viscosity of the meat juice. At temperatures
40-60°C, they denature and aggregate.®> The amount of
myoglobin proteins removed from the meat via the expelled
moisture we assume negligible, as they aggregate at tempera-
tures lower than the denaturation temperatures of myofibrillar
proteins, which induce the moisture transport. The aggregates
we view as part of the biopolymer matrix.

Permeability of the extracellular pore space changes in
time due to denaturation of soluble proteins, and collagen of
the connective tissues. This is hard to quantify and differenti-
ate from temperature dependency of other model parameters
like E. From the above discussion of the Flory-Rehner theory
and its linearization around the equilibrium point, it is appa-
rent that £ is moderately temperature dependent. This we
have found via a very recent review of relatively old litera-
ture on the Flory-Rehner theory applied to muscles.***! Con-
sequently, in the earlier developed numerical model, it is
assumed E to be a constant.

Given the above considerations, our model takes into
account the following phenomena:

e Moisture transport due to gradients in swelling pressure;

e Evaporation of liquid moisture;

e Heat conduction inside the meat;

e Convective heat transport by the liquid moisture flow;

e Dripping of liquid moisture from the surface; and

e Heat transfer between meat and air flow.

The model can be described in terms of balance equations
for energy, momentum, and mass (i.e., moisture). The mo-
mentum balance equation reduces to Darcy’s law because of
the porous medium assumption:

Pyl = 7%vnsw (6)

where p,, is the bulk density of water, u is the flow velocity,
K is the permeability tensor, and v is the kinematic viscosity
of the fluid. The mass balance equation for the liquid mois-
ture is the continuity equation:

on+ Vp,u=0 @)
and the energy balance equation is

PpCpmOT + oV puT = i V>T ®)

where p, is the mass density of meat, ¢, the specific heat
of meat, p,, is the mass density of water, ¢, specific heat of
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water, T temperature, and /A, the thermal conductivity of
meat. Note that the convective energy flux is transported by
the expelled plasma, which is assumed to be pure water.

The model is completed with the boundary conditions. For
the energy balance equation, it reads

— AmOnT = W(T — To) + Ijevap )

where &, the mass transfer coefficient and r the latent heat of
evaporation, and jeyap the mass flux due to evaporation. The
evaporative flux is given by

jevap = k(awcsat(T) - CO) (10)

with k, the mass transfer coefficient (linked to the heat trans-
fer coefficient via the Lewis relation). ¢, is the water vapor
concentration in the boundary layer above the product, which
is in thermal equilibrium with the surface of the meat having
temperature 7 and water activity a,,. k is the mass transfer
coefficient, linked to the heat transfer coefficient via the
Lewis relation:

k= Le*h/pycpa (11)

where p, the density of air, and c,, the specific heat of air.
The Lewis number is defined as Le = D,/a,, with D, the dif-
fusion coefficient of water vapor in air, and a, = Ai/paCpa
the thermal diffusivity of air.

Csa 18 the saturated water vapor density, related to the sat-
uration water vapor pressure pg,, via the ideal gas law:

c — pSalMW
sat RT

(12)

where M,, is the molar weight of water and R is the gas con-
stant. The saturation water vapor pressure pg, is calculated
with the empirical Tetens formula:

T — T
psal(T) = PDsat,0 €Xp (17-27 WS?%) (13)

where pg, o = 597 Pa is the vapor pressure at the reference
temperature T, = 273.15 K.

The water activity a,, is dependent on the moisture content
n of the surface of the meat. We assume that its behavior is
like that of the beef meat.*’” We have fitted the experimental
data of the sorption isotherm with the following approxima-
tion of the GAB-isotherm:

aw(1 = Xm/X) (14)

where X is the moisture content on dry weight basis, and X,
is the moisture content of the first monolayer of absorbed
water. From the experimental study,*’ it follows that there is
little temperature dependency of the water activity for tem-
peratures above 20°C.

The boundary condition for the momentum balance equa-
tion (Darcy’s law) is that the swelling pressure is zero (7,
= 0).

For the mass balance equation, the boundary condition is
that the mass flux is equal to the sum of flux of the expelled

November 2007 Vol. 53, No. 11 AIChE Journal
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Figure 3. Temperature and moisture profiles during cooking of beef, according to experiment with oven tempera-

ture To, = 175°C (symbols) and model (lines).

Temperature profiles are given at a 10-min interval (starting at low temperature), while the moisture profiles are given for cooking times of
40 and 80 min (starting at high moisture content). [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

liquid moisture and mass flux due to evaporation:

K .
Pyl = _;annsw +Jevap (15)

With the normal derivative of the swelling pressure 0,7y
computed using the above boundary condition that g, = 0
at the surface of the meat. However, via evaporation the
swelling pressure can become negative, and in this case we
apply a no flux boundary condition for the liquid moisture.

Results and Discussion
Model validation

Using the above model, we analyze the experimental data
on roasting a rectangular piece of beef obtained by Bengtson

100

80

40

Temperature (*C)

20

Depth {mm)

et al.*® Below, we report on their experimental setup, and the

assumptions we have made ourselves.

In the experiment, temperature and moisture profiles are
obtained at several times during the cooking process and
thus provide a good test for our model. The meat is cooked
(roasted) in an oven at air temperatures 175 and 225°C. The
duration of the experiment has been 80 and 60 min, respec-
tively. The beef is from the semimembranosus muscle, with
a mass of 705 g, and dimensions of 15 cm X 8 cm X 5.5
cm (length X width X height). The meat fibers are parallel
to the meat surface, along the length axis of the meat. Initial
temperature is 7°C. In the experiment, temperature profiles
along the vertical center line, and average moisture content
profiles in vertical direction are determined at various times
(see Figures 3 and 4). The average moisture profiles are
obtained by freezing the cooked meat, and slicing the frozen

Moisture content (%)

0 20 40
Depth (mm)

Figure 4. Temperature and moisture profiles during cooking of beef, according to experiment with oven tempera-

ture Ty = 225°C (symbols) and model (lines).

Temperature profiles are given at a 10-min interval (starting at low temperature), while the moisture profiles are given for cooking times of 30
and 60 min (starting at high moisture content). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]
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meat horizontally, of which the moisture content is deter-
mined.

These datasets will be used for our model analysis. During
the experiment, the wetbulb temperature of the air changed
due to the accumulation of water vapor in the cooking oven.
From recordings, it follows that the wetbulb temperature
starts at 50°C and increases exponentially in time to about
90°C. Of the actual experiments used for analysis of our
model, the wetbulb temperature is not recorded. Hence, we
have matched the wetbulb temperature to the recorded sur-
face temperature, as one might assume that the meat surface
more or less follows the wetbulb temperature. Consequently,
we do not need a high accurate value of the heat transfer
coefficient. We take the estimated value of Bengtson et al.,*®
namely & ~ 15 W/m? K

Also, the water content of thin slices (2 mm) of the beef
put in constant temperature water baths has been measured
as a function of time and temperature by Bengtson et al.®® It
is found that after 10 min more or less stable values of the
water content have been obtained, which can be viewed as
the WHC. We have repeated the experimental data in Figure
2. We view that the dynamics in water content are not due
to slow kinetics of protein denaturation, but due to slow
relaxation of the protein matrix (because the moisture has to
be expelled), and thus are already captured by our model.
The time scale of denaturation for isolated proteins is in the
order of several seconds, as is found for myosin in hake.*
The (averaged) experimental values for times larger than 30
min we take as the equilibrium values of the WHC nq(7).

The experimental data of n., we have fitted to a sigmoid
function:

3 0.345
1 +30exp[—0.25(T — T,)]

neq(T) = 0.74 (16)

with T, = 325 K = 52°C the center of the sigmoid curve.
The fitted curve is shown in Figure 2.

From the sorption data of Delgado, we have estimated X,
the monolayer moisture content. Using nonlinear regression,
we have found that X;, = 0.08, which is in agreement with
the value of X;,, = 0.085 obtained by fitting the full GAB-
equation to the data.*®

The thermophysical properties of the meat are computed
from its composition, as expressed in mass fractions of water
Yw = 0.74 and of proteins y, = 0.26.45° The specific heat
of the beef is

Cpm = yWCP,W(T) + YpCpp (T) A7)

where cp,, the specific heat of water and ¢, the specific
heat of proteins.

For the thermal conductivity of the beef, we take into
account the anisotropy due to the parallel orientation of the
meat fibers.”! Thermal conductivity parallel to the fibers is
computed using the parallel model:

)| = Puhw + Gphp (18)

and the thermal conductivity perpendicular to the fibers is
computed using the series model:
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s +ﬁ (19)

3

Am, L A.W ;L,p

where ¢y, = ywpm/pw and ¢, = yp,pm/p, are the volume
fractions of water and proteins, respectively, with p,, and p,
the bulk densities of water and proteins and 1/p, = yu/pw +
Yol Pp-

At initial temperature, we find )Lm,” = 0.500 W/m? K and
Jm,1 = 0.404 W/m? K. Because moisture transports the mass
fractions, y,, and y, will change, and hence we have to relate
the moisture density n to the mass fraction: n = yyp,. The
parallel orientation of the meat fibers also gives anisotropy in
permeability x. It is stated that the resistance to moisture
transport perpendicular to the fibers is 1.2 times higher than
the resistance to moisture transport parallel to the fibers,’!
hence x| = 1.2k,

From the analysis, follows that there is one single
unknown parameter, namely the product y = i E/v, which
has the units of a diffusion coefficient. From the Landau
expansion of the Flory-Rehner expression for the swelling
pressure, follows that at T = 70°C , E =~ 10* (Pa m3/kg). In
the meat juice, some soluble proteins can be present, lower-
ing the viscosity. The lower limit for the viscosity is that of
water v ~ 10~ ¢ m?/s. Datta®® has performed experimental
determination of the permeability of raw beef, obtaining
K| o~ 1077107 m?> Hence, we expect that 7y =~
107°..107° m?s.

Scale analysis

We perform scale analysis to investigate whether the com-
plexity of the model can be further reduced for the problem
of the roasted beef. As scales we will use the thickness of
the piece of beef L,, the cooking time f., the pressure scale
Puax = E(ny(t = 0) — n®(T = 70°C)), the velocity scale U
= Poax/(pwL,). The temperature scales between 10°C < T <
90°C, and the water density scales between nqq(T' = 90°C) <
n < n (t = 0). The rescaled variables are

Xy =X, /L, ;t=1t/tp ;it = u/U ; & = Mg /Prmax (20)

with the diffusive time scale tp = L2 /«, and the thermal dif-
fusivity o, = A,/ppcpp. The reduced temperature and water
density are

T — Ty

N — Neq,min
o e 2y}
Tdew - Tinit

T= A=

Minit — Meq,min

Before scaling the mass balance, we substitute Darcy’s law
Eq. 6 into the continuity Eq. 7. Furthermore, we apply the
product rule to \/(n — ngq), as the WHC is temperature de-
pendent. The resulting equation is mathematically similar to
the Luikov model'’:

dn = —yVin — 9V On;qT(T) vT (22)

with y = Ex/v ~ 1077 m%s.
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Dropping the hat symbols for all dimensionless variables,
we obtain the rescaled energy and mass balance equations:

T + PeV ul = V°T (23)
dn = —De[V?n — XcVdrnegVT] 24

Hence, there are three governing dimensionless numbers,
with the Peclet number:

o CpwPwUL, _ %

P (25)
Ap o
(with o the thermal diffusivity). The Deborah number is:
LZ
De = 2=z (26)
Y
and the coupling constant is:
Xc — Ninit — Meq,min (27)
Tdew - Tinit

Using the above-estimated values of the various scales, we
have calculated the order of magnitude of the dimensionless
numbers. We have obtained Pe ~ 107!, De ~ 10°, Xc ~
10°. Hence, we expect all terms in the governing equations
to be significant. As the time scale of heat conduction and
moisture transport are comparable De =~ 1, one can not make
the assumption that n = n.q(T) as proposed by Dagerskog.1

Numerical analysis

The above model we have discretized following the cell
centered Finite Volume method on a rectangular grid, having
8 X 8 X 16 control volumes. As we assume uniform heat
transfer coefficient, there is mirror symmetry in x, y, and z
planes, and consequently, we have applied symmetry bound-
ary conditions at these midplanes. This renders grid spacings
of Ax = 9.4 mm, Ay = 5.0 mm, and Az = 1.7 mm. For the
time discretization, we have applied Euler forward, and for
the spatial derivatives central differencing. As the Peclet
numer Pe = 0.1, the grid Peclet number Pe* = 1pUAx, <
2, and, consequently, we expect no numerical dispersion
problems with central differencing applied to the convection
diffusion equation.

Parameter estimation of y = i E/v is performed via mini-
mization of the L, norm between predictions of temperature
and moisture profiles. We have found that L, norm is mini-
mal for y = 0.1 10°° mz/s, which is within the estimated
order of magnitude as given earlier.

Predictions using this parameter value are shown in Fig-
ures 3 and 4, together with the experimental data for the
temperature and moisture profiles. Moisture content is
expressed as a mass fraction y,. The temperature profiles are
given at a 10-min time interval. The moisture profile is
obtained after 40 and 80 min in case of T, = 175°C, and af-
ter 20 and 60 min in case of T, = 225°C. From the figures,
we observe that the model predictions and experimental data
compare quite well. On the basis of these results, we assume
our model—based on the linearization of Flory-Rehner
theory—to be valid.
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Figure 5. Moisture profile at center line, as function of
time and height.

With time ¢ given in minutes.

Detailed physics of moisture migration

After having validated, the model against experimental
data, we explore the physics occurring during cooking in
more detail—and the rise of the moisture content in the cen-
ter of the meat in particular. We have observed this phenom-
enon during trial simulations and found that this has been
observed experimentallym’lg—but has not been explained
until very recently in the independent study of Tornberg and
coworkers,'> who give a similar account of the phenomenon
as below.

We have simulated the cooking of a rectangular piece of
beef with same properties as earlier, but now we have
assumed (1) a height of 35 mm, (2) a constant dewpoint tem-
perature of T4, = 85°C, and (3) an oven temperature of T
= 175°C. We examine the moisture content profile along the
vertical central axis of the beef for the first 80 min of cook-
ing. The profiles at times ¢+ = 0, 20, 40, 60, and 80 min are
shown in Figure 5. We observe that the moisture content is
rising in the center of the piece of beef. The time scale and
the relative increase of moisture content is quite comparable
with NIR observations'® (on meat pieces of thickness 20 mm
but unknown width and length), wherein one has found a
rise of moisture content above the initial value for 40 min.
The initial moisture content is 65%, and the maximal mois-
ture content is 75% (expressed as mass fractions). Our model
predictions are of comparable order.

This rise can be quite well explained by the investigation
of the swelling pressure profile, as shown in Figure 6. In the
first 20 min of the heating only the subsurface of the meat is
above the denaturation temperature (see Figure 7), and hence
there is an increase of the swelling pressure, while in the
central region the swelling pressure remains about zero. Con-
sequently, next to the pressure gradient between surface and
subsurface, there is a pressure gradient between the subsur-
face and the central region, and as stated by Darcy’s law this
leads to a moisture flow towards the central region. This
inward moisture flow increases the moisture content of the
central region.
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After 20 min also the central region rises above the dena-
turation temperature, and the swelling pressure increases rap-
idly (due to temperature increase, the moisture content
becomes increasingly larger than the equilibrium value 7).
Shortly after 40 min, the swelling pressure will be maximal
in the central region. After that, there will be only outward
moisture flow, and the moisture content in the central region
will fall.

We note that the existence of a significant swelling pres-
sure (in the order of 0.3 MPa), which is proportional to n—
neq(T), indicates again that actual moisture content is very
different from the equilibrium moisture content (WHC).

Model extensions

In many ways, our model presented earlier simplifies part
of the physics during meat cooking, though it can predict
temperature and moisture transport in the above-mentioned
experiment with reasonable accuracy. We imagine that for
(1) conditions with lower dewpoint or higher oven tempera-
ture, or (2) smaller pieces of meat, we have to allevate some
of these simplifications. Below, we discuss some of these
points, which can serve as new directions of future research.

During intensive heating processes such as microwave,
frying, and roasting, evaporation occurs not only at the sur-
face. An evaporation front will move into the meat, and
moisture transport via the gas phase has to be included. A
class of food heating models includes the gas transport, and
which can be incorporated straightforward in the above-men-
tioned model, have been developed by Datta and cow-
orkers.'>'¢

Another extension of the model is the incorporation of the
shrinkage of the meat. The physics of this process is well
known, and is found in the literature of poroelastic
theory.23’26 Numerical implementation can be a hurdle, as
most of the models describing mechanical deformation of
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Figure 6. Swelling pressure profile at center line, as
function of time and height.

Time ¢ is given in minutes.
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poroelastic media are formulated in the framework of Finite
Elements, while mass, momentum, and energy transport are
more naturally formulated in the framework of Finite Vol-
ume Method, as applied in the above-mentioned numerical
model.

During heating of smaller pieces of meat, dynamics in the
permeability might become important to consider. In the
review of Tornberg,35 it is stated that the extracellular chan-
nels undergo significant changes in width during cooking, as
reported in more detail in the introduction and also by
Palka.>>* They have reported granulation and subsequent
gelatinization of denaturated collagen in the extracellular
channels, which is also found during heating of fish.** As
moisture transport is mainly through the extracellular chan-
nels, the above-mentioned dynamics will effect the perme-
ability of the protein matrix.

Conclusions

As one can observe from our results, the numerical predic-
tions and experimental data™®® compare quite well, for both
analyzed heating experiments. Hence, this gives us much
confidence that our description of liquid moisture flow based
on the linearized Flory-Rehner theory is a valid model for
this process and provides the framework for incorporating
more physics as moisture transport during brining and curing
of meat, in which transport of ions is significant.

Despite its simplifications, our model definitely shows the
potential of the soft condensed matter perspective on meat
cooking. The soft condensed matter perspective on moisture
transport during cooking seems to hold for many types of
gel-like foods such as rice and potatoes. In essence, the soft
matter perspective comprises (1) the driving potential (swel-
ling pressure) for moisture transport is derived from a free
energy functional, like the Flory-Rehner functional, and (2)
the free energy functional is much independent of the molec-
ular details of the biopolymer matrix. The driving potential
is to be inserted in transport equations following the porous
media approach.®4%#!
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